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Abstract: The dry sliding wear of monolayer TiAlCrN and TiAlCrYN and multilayer 
TiAlN/CrN coatings has been investigated against a BM2 tool steel counterface 
using a ring on block configuration at 91 N, 0.42 m/s. The coatings were deposited 
on a BM2 tool steel substrate by combined steered-arc/unbalanced-magnetron 
deposition. The wear rate of the multilayer was superior to the monolayer, although 
both provide a substantial improvement compared with the wear behaviour of the 
base BM2 tool steel e.g., wear rate = 6.1x10-4 mm3/m for the BM2 tool steel; 
3.98x10-5  mm3/m for the TiAlCrN monolayer and 2.58x10-5  mm3/m for the 
TiAlNrCrN multilayer. Wear of the coatings occurred by several mechanisms, fine 
scale -200 nm. detachment in the early stages and micron scale detachment 
associated with cracking in the coating in the later stages. Detailed transmission 
electron microscopy of cross-sections of the worn surface indicated that two 
dominant types of cracking were present within the coating: 1. cracking 
perpendicular to the coating surface, often along columnar grain boundaries, 
typically running through the entire coating; 2. cracking approximately parallel to the 
worn surface, extending across several columnar grains. For the multilayers, there 
was no evidence that the spalling was induced by decohesion along 
the interface of the multilayers. Limited surface deformation was detected at the 
worn surface of the TiAlCrYN and TiAlCrN, but not at the worn surface of the 
TiAlNrCrN, tested under identical conditions. In contrast, the uncoated BM2 tool 
steel worn surface exhibited extensive plastic deformation. The relationship between 
wear mechanism and coating structure is discussed. 
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1. Introduction 
 
Physical vapour deposition PVD. nitride coatings possess high hardness and good 
chemical stability [1–3]. The family of titanium nitride coatings has been developed in three 
generations. The first generation, TiN deposited as a monolayer, have received widespread 
commercial use [4,5]. The second-generation coatings were developed by introducing alloy 
additions to TiN, the most important being TiAlN [6–8] and TiAlCrN [9,10], which have superior 
oxidation and wear resistance to TiN [6,11]. These coatings often have higher hardness than 
the first generation and with the addition of Y to TiAlN [12] and TiAlCrN [9], oxidation resistance 
is also substantially improved. The third generation comprise both multi-component constituents 
and, importantly, a multilayered structure [13,14]. Multilayer coatings, which have a superlattice 
structure [15,16], have exceptionally high hardness often referred toas ‘super-hard’. and good 
thermal and chemical stability. 
PVD coatings can be grown by a number of techniques [3], including low voltage electric 
beam evaporation, triode high voltage electric beam evaporation, cathodic arc evaporation, and 
magnetron sputtering, each of which have a number of advantages and disadvantages, 
discussed elsewhere [5,17–19]. The combined cathodic arc etching and unbalanced magnetron 
sputtering technique [18,19] provides the advantages of enhanced adhesion strength of metallic 
ion etching and the uniform and effective film growth of unbalanced magnetron sputtering. This 
technique, used to produce the coatings in the current work, is now being used in fabrication of 
commercial coatings as well as laboratory development of new coatings [20]. 
PVD hard coatings are used to enhance the wear resistance of many tribological materials, 
particularly those operating in severe environments, such as cutting tools [1,4,6,20,21]. The 
third-generation coatings are sufficiently hard, thermally stable and oxidation resistant that it is 
believed that they may be able to operate in unlubricated cutting operations. However, third 
generation coatings have only recently been developed and therefore little is known about their 
tribological properties. A detailed understanding of the wear mechanisms is required in order to 
optimize microstructure, and therefore processes variables, for wear resistance. Multilayer 
coatings are materials engineered on the nanoscale and therefore an understanding of 
tribological properties requires an understanding of the interaction of stress and environment at 
this scale. Previous studies have demonstrated that a detailed understanding of the 
microstructural changes at a worn surface require high magnification transmission electron 
microscopy TEM studies, with the maximum information being derived from surface cross-
sections [22–28]. Accordingly, the present work presents detailed TEM of cross-section from the 
worn surface of PVD coatings. Second and third generation coatings have been tested under 
identical conditions and compared with uncoated BM2 tool steel. The present paper reports the 
TEM findings at a single load and speed, and forms part of a wider study which has investigated 
the effect of load and speed on the wear mechanism [29]. 
 
2. Experimental details 
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Three coatings were investigated, a multilayer coating, consisting of alternating nanometer 
thick layers of TiAlN and CrN [14], designated TiAlN/CrN, and two monolayer coatings TiAlCrN 
and TiAlCrYN [9], all deposited on pre-polished high speed steel BM2. PVD was undertaken in 
a four target Hauzer HTC1000-ABS coating machine, using the combined cathodic arc etching 
and unbalanced magnetron sputtering process [18], the full details of which are given elsewhere 
[9,14,16]. For the TiAlN/CrN coating, the process started with Cr metal ion etching in the steered 
arc mode, followed by the unbalanced magnetron sputtering deposition for 30 min of a base 
layer of TiAlN the three TiAl targets, each 50:50 at.% Ti:Al, were operated at 8 kW. The 
multilayer coating was then deposited with the additional Cr target sputtering at 5 kW and the 
TiAl targets at 8 kW for 210 min. All four targets are operated in the unbalanced magnetron 
mode Cr: dual purpose cathode [18]. 
Table 1 Characteristics of PVD coatings 
 
 
The deposition parameters for TiAlCrN and TiAlCrYN monolayer coatings were similar to 
those for the TiAlN/CrN multilayer coating except that the Cr target was operated in the 
unbalanced magnetron mode continuously at 0.5 kW. The quaternary addition of Y was made 
by replacing one TiAl target with a TiAl (4 at.% Y). target. For the Y containing coating, a base 
layer similar to that for the TiAlN/CrN was used to grade the compressive stresses generated by 
the Y incorporation. Table 1 shows the basic characteristics of the deposited coatings. 
Unlubricated wear tests were performed in a block-on-ring configuration at room temperature 
21C., using anormal load of 91 N applied by dead weight. and a sliding speed of 0.42 m/s. The 
coating was applied to the 12 mm diameter flat face of the block. The crowned counterface ring, 
of diameter 60 mm and width 12 mm, was an uncoated BM2 i.e., the same as the substrate 
material. Tests were also performed using an uncoated BM2 block. The BM2 tool steel had a 
Vickers hardness of 7.99±0.08 GPa and a chemical composition given in Table 2. Uncoated 
samples were metallographically polished to 1 mm diamond prior to testing. Wear rate was 
determined by measuring the wear scar dimensions using a Vernier attached to an optical 
microscope accuracy ±0.001mm. Wear rate data was obtained after a total sliding distance of 
1000 m. However, the evolution of wear mechanism with time was also investigated by 
terminating tests at shorter sliding distances. 
The worn surface was initially examined in the SEM using a Jeol 6400. Longitudinal cross-
section TEM samples were then prepared from all the worn samples, following a procedure 
described in detail elsewhere [30]. The worn surface was sectioned parallel to the sliding 
direction  
Table 2 Composition of the BM2 steel substrate and counterface 
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Table 3 Friction and wear properties of PVD coatings and tool steel 
 
using a slow speed saw and mechanically ground using fine grit sizes. to -80 mm. A second 
surface of the same material and dimensions was then glued to the worn surface with the two 
samples supported on a Cu grid. Argon ion beam milling to electron transparency was only 
undertaken from below the worn surface to avoid preferential erosion of the region of interest. 
The epoxy glue used to bond the two surfaces was retained after ion milling and therefore 
demonstrated that the extreme worn surface was preserved during thinning. The samples were 
examined in a Philips 420 operating at 120 kV. and Jeol 3010 operating at 300 kV. 
 
3. Results 
 
The wear rate of coated and uncoated BM2, Table 3, were recorded prior to complete loss 
of the coating through wear i.e., the wear track was entirely within the coating. Prior wear testing 
determined the maximum running time before which coating loss occurred and therefore the 
largest possible wear scar contained entirely within the coating. As seen from Table 3, the 
multilayer coating exhibited the best wear resistance, although all coatings were substantially 
superior to the uncoated tool steel. Average friction coefficient was lower for the coatings 
compared to theBM2, although there was little difference between the coating types. 
 
Fig. 1. Scanning electron micrograph of the worn multilayer 
TiAlN/CrN coating, taken after sectioning the worn surface 
the substrate/ coating interface is marked by a single arrow 
and the sliding direction by a double arrow. Note the 
spalling of the coating. The micrograph clearly 
demonstrates that the spalling is within the coating and not 
at the coating substrate interface. 
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Loss of the coating during the initial stages of wear was caused by spalling Fig. 1. Spalling 
was from within the coating at this stage, with no evidence of detachment at the coating-
substrate interface. The base of the spall had an irregular morphology, but ran approximately 
parallel to the  
  
 
Fig. 2. Scanning electron micrographs of the worn 
TiAlCrN coating: a. Secondary electron image, 
showing spalling of the coating; b. Backscattered 
electron image. The light areas are the steel 
substrate backscattered intensity increases with 
atomic number. Note the cracking of the coating in 
the left hand region arrowed. c. Longitudinal 
cross-section showing the ‘saw tooth’ 
appearance, associated with extensive plastic 
deformation in the substrate. The coating 
/substrate interface is marked by an arrow. 
 
coating surface. In contrast, the sides of the spall were generally smooth and perpendicular to 
the coating surface. In addition to the spalling, thin, irregular surface films were present Fig. 1. 
Despite the differences in wear rate between the coatings, no obvious differences in worn 
surface morphology could be detected in the SEM. 
Regions of locally dense spalling eventually led to complete loss of the coating and 
penetration of the counterface through to the BM2 substrate Fig. 2. At this point, wear of the 
coating at the edge of the wear scar was accelerated. This was associated with extensive 
cracking within the coating Fig. 2b. Similar gross cracking was observed in the coating just prior 
to exposure of the substrate and the presence of this cracking indicated the onset of coating 
failure Fig. 2c. Again, this type of wear mechanism was the same for all coatings tested. The full 
details of the SEM observations of the coating wear mechanisms as a function of sliding speed 
and load are given elsewhere [29]. 
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For the TEM observations, samples were removed from the two distinct wear regimes 
where the wear scar was contained entirely within the coating: 1. the early stages of wear and 2. 
where gross cracking indicated the onset of coating failure. Fig. 3 gives a low magnification 
TEM micrograph taken from the TiAlN/CrN multilayer taken from regime 1. This shows no 
evidence of significant microstructural change either in the coating or substrate note also the 
e x c e l l e n t  b o n d  
 
Fig. 3 Bright field TEM micro graph from a 
longitudinal cross-section sample of the 
worn TiAlNrCrN multilayer. The sample 
was taken during the initial stages of wear. 
The upper left surface has been eroded 
during ion thinning and is therefore not the 
original worn surface. Note the general 
absence of damage either by cracking or 
deformation. The arrow indicates the 
direction of sliding and the interface 
between coating and substrate. 
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Fig. 4. Bright field TEM micrograph from a 
longitudinal cross-section sample of the 
worn TiAlNrCrN multilayer showing the 
extreme worn surface. A thin surface layer 
has become detached arrowed. However, 
detachement did not occur at a layer 
interface. This feature was not observed 
on either of the worn monolayer coatings. 
the multilayer structure can be seen from 
the Fresnel contrast e.g., at the double 
arrow. There is a columnar grain boundary 
running top to bottom at the mid position of 
the micrograph. The sliding direction is 
indicated by the direction of the arrows. 
 
between coating and substrate and the columnar structure to the coating. Fig. 4 gives a higher 
magnification bright field micrograph of the extreme worn surface as labelled by the retention of 
the epoxy resin. A thin delaminated layer is present of thickness ~8 nm, which was observed at  
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Fig. 5. Bright field TEM micrograph from a 
longitudinal cross-section sample of the 
worn TiAlNrCrN multilayer which exhibited 
damage in regime 2. The parallel cracks 
arrowed. did not run along the TiAlNrCrN 
interface, but those perpendicular to the 
worn surface were 
generally along columnar grain boundaries. 
The interface between substrate and 
coating  corresponds to the position of the 
scale bar. 
 
several points on the surface. The multilayer structure is evident within this image the image is 
taken just out of focus to provide Fresnel fringe contrast of the multilayer structure. From which 
it can be seen that detachment of this layer did not occur along the TiAlN/CrN interface. 
Interestingly, the multilayer structure appears to be preserved up to the delaminated layer 
suggesting that frictional heating had not been sufficient to cause breakdown of the layered 
structure through diffusion. 
Fig. 5 gives a bright field TEM image from the edge of the TiAlN/CrN wear scar taken from 
regime 2., i.e., with the presence of macroscopic cracking which indicated the onset of coating 
failure. Extensive cracking is apparent within the coating. In this instance, cracking falls into two 
broad categories: 1. cracking perpendicular to the worn surface, frequently but not always. 
along the columnar grain boundaries; 2. cracking across the grain boundaries, often within ± 20 
to the coating surface. Some of the cracking along columnar grain boundaries was present in 
the as-deposited state, but its extent was substantially greater after wear testing. Fine wear 
debris from the TiAlN/CrN identified by selected area electron diffraction. was present at the 
worn surface Fig. 6. 
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Fig. 6. Bright field TEM micrograph from a 
longitudinal cross-section sample of the worn 
TiAlNrCrN multilayer showing wear debris particles 
at the worn surface. 
 
     
Fig. 7. TEM micrographs from a longitudinal cross-section sample of the worn TiAlCrYN monolayer 
showing the extreme worn surface.  a. Bright field image;  b. Dark field image. Note the bending of the 
structure in the direction of sliding  arrowed, indicating surface deformation. 
 
Fig. 7 gives a bright and dark field TEM images of the worn surface of the TiAlCrYN 
monolayer during the early stages of wear. The dark field image Fig. 7b. indicates abending of 
the columnar grain structure in the direction of sliding, which is evidence of surface deformation. 
The depth of deformation as determined by the bending of the columnar structure. varied along 
the surface in the range ~50-200 nm. Similar deformation was observed for the TiAlCrN, but 
was never seen at the surface of the TiAlN/CrN multilayer. 
Cracking parallel to the surface was observed in the TiAlCrYN sample in several places and 
was generally located at a depth where the deformation was just visible in the TEM, Fig. 8a. The 
cracking led to periodic spalling of the deformed layer Fig. 8b. 
Fig. 9 gives micrographs from the wear scar of the TiAlCrN in regime 2., i.e., where the 
coating contained macroscopic cracking. Extensive plastic deformation had occurred in the BM2 
substrate. The coating had fractured extensively, with a regular displacement of both coating 
and substrate, giving a ‘saw-tooth’ type appearance, similar to that seen in Fig. 2c. Again, 
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fracture of the coating occurred predominantly in two orientations, along columnar grain 
boundaries and  
   
Fig. 8. Bright field TEM micrographs from a longitudinal cross-section sample of the worn TiAlCrYN 
monolayer showing the extreme worn surface.  a. Cracking parallel to the worn surface   arrowed. The 
cracking in this example, and several others, was at the interface between de formed and as-deposited 
material.  b. Local detachment of a wear debris particle at a depth corresponding to the cracking in  a. 
The sliding direction is shown by the large black arrow in each case. 
 
 
Fig. 9. Bright field TEM micrograph from a longitudinal 
cross-section sample of the worn TiAlCrN monolayer 
showing the displacement of the substrate arrowed. and 
the cracking in the coating arrowed., similar to that seen in 
the multilayer coating in Fig. 5. 
 
within ~20 of parallel to the coating surface. Cracking was mainly contained within the coating, 
but occasionally propagated into the substrate Fig. 10. In contrast to the absence of plastic 
deformation in the multilayer coating and the limited plastic deformation in the TiAlCrYN and 
TiAlCrN coatings, extensive plastic deformation was found at the surface of the uncoated BM2 
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steel Fig. 11. The martensitic structure present at the start of the test had been transformed into 
a predominantly a-Fe structure, with associated deformation texture a weak{100}<110> texture.  
 
Fig. 10. Bright field TEM micrograph 
from a longitudinal cross-section 
sample of the worn TiAlCrN monolayer 
showing the cracking at the base of the 
coating. 
 
Fig. 11. Bright field TEM micrograph 
from a longitudinal cross-section of the 
worn surface of the uncoated BM2 
steel. Extensive plastic deformation is 
present, which has flowed around an 
MC carbide worn surface at the upper 
end of the micrograph. The arrow 
indicates the direction of sliding. 
 
Subgrain size decreased as the worn surface was approached, with a minimum thickness of 
~20 nm observed Fig. 12. Fig. 11 also shows the extensive plastic flow of the matrix around the 
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MC carbide where M denotes W, Mo, V, Cr. and the manner in which subgrain size reduces 
close to the MC/matrix interface. 
 
 
Fig. 12. Details from Fig. 11, showing a 
subgrain thickness of ~20 nm and the 
texture. 
 
4. Discussion 
 
All coatings provided a substantial improvement in wear rate compared with the uncoated 
tool steel Table 3. Of the coatings, the multilayer exhibited the lowest wear rate while the 
TiAlCrYN recorded the highest. These results are broadly in-line with qualitative cutting tests, 
which show that the multilayer coating has superior wear resistance to the first and second 
generation coatings. 
The hardness of the TiAlCrYN, measured by knoop indentation, was lower than that 
obtained for the other two coatings Table 1. This was because the TiAlCrYN was thinner Table 
1. than the other two coatings the test technique inevitably samples both the coating and the 
substrate. More detailed studies [31] have demonstrated that the true hardness of a TiAlCrYN is 
higher HK 2.7GPa. than the TiAlCrN, believed to be the result of greater residual stresses in the 
former. The higher wear rate of theTiAlCrYN compared with the TiAlCrN is believed to originate 
directly from the higher residual stresses, which increase the rate of spalling during sliding 
contact. 
The trend in wear rate correlated with the extent of surface deformation observed in the 
TEM samples. Under the contact conditions selected, the BM2 tool steel exhibited extensive 
surface deformation. The contact stresses and flash temperatures were sufficient to transform 
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the hard martensitic structure present before testing to a heavily deformed a-Fe structure. The 
same conditions induced minor deformation in the TiAlCrYN and TiAlCrN coatings and no 
deformation in the TiAlN/CrN multilayer. There has been considerable debate as to the origin of 
the very high hardness values of the ‘superlattice’ multilayer coatings [32–37]. While the precise 
origin is controversial many theories have been proposed, for example, elastic modulus effects 
[32], alternating stress fields [33], the difference in dislocation line energy between the layers 
[34–37] and coherency strains [37], Hall–Petch effect [38].,it is clear that dislocation flow is 
severely retarded by the multilayer structure compared with the monolithic counterparts. The 
current TEM observations are in accord with this view. The layer structure provides a useful 
microstructural marker that would allow the presence of plastic deformation at the surface to be 
readily detected. Even in the outer few nm, the superlattice structure was retained and showed 
no obvious distortion. It should be emphasized that dislocation flow in a hard tool steel such as 
the BM2used here requires high contact stresses and the presence of such extensive plastic 
deformation Figs. 11 and 12.demonstrates the severity of the contact conditions. 
The deformation at the surface of the monolayer coating was clearly detrimental to its wear 
response. Bending of the structure in the direction of sliding resulted in surfaces palling. 
Detachment of the wear debris particles occurred when cracks parallel to the worn surface 
intercepted a crack perpendicular to the worn surface usually along a columnar grain boundary. 
which was opened up as a result of the bending action. 
Material loss in the early stages of wear of the TiAlN/CrN multilayer appeared to occur by a 
fundamentally different mechanism to that of the monolayer coatings. Fine scale detachment 
occurred by delamination of ~8 nm of material, corresponding to only a 1–3 TiAlN and CrN 
layers. The scale of this delamination was therefore substantially less than that observed with 
the mono-layer coating Fig. 8., in line with the wear rate data Table 3. Interestingly, the cracking 
did not appear to propagate along the layer interface. Moreover, the multilayer structure 
appeared to extend up to the point of delamination, indicating that surface temperatures were 
insufficient to give appreciable diffusion between the layers isothermal holds at ~750C are 
known to induce sufficient diffusion to break down the multilayer structure[14]. 
The spalling and delamination shown in Figs. 4 and 8 was on a scale that would not be 
detected in the SEM. Nevertheless, the SEM observations indicated that failure of the coating 
was preceded by a mm scale spalling within the coating e.g., Fig. 1., and that locally high 
concentrations of spalling was a mechanism by which the counterface penetrated the coating. 
Observations of spalling in 1st and 2nd generation coatings are common e.g., Refs.[11,39]. 
Regrettably, the TEM specimens taken from the early stages of wear prior to penetration. did 
not reveal macroscopic cracking. Nevertheless, the morphology of the spalling Fig. 1. correlated 
closely with the modes of cracking observed in Figs. 5 and 9. Two types of cracking appeared to 
be responsible for material loss. First, pre-existing cracks along columnar grain boundaries 
increased in number and length as a result of the wear process, shown schematically in Fig. 13. 
Additional cracking occurred within the columnar grains. However, since these cracks were 
perpendicular to the sliding direction, they do not, on their own, lead to material loss. Secondly, 
cracking was developed during the wear process with an orientation within approximately ~20 
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to the coating surface. These cracks tended to form initially within a single columnar grain, but 
propagation across columnar grains and intersection with the columnar boundary cracks 
provided a potent source of wear debris liberation Figs. 1 and 13. Interestingly, such cracking 
was constrained within the coating and did not occur at the coating-substrate interface. This  
 
Fig. 13. Schematic of the cracking and 
deformation mechanisms in the coatings. 
 
demonstrates the effectiveness of the Cr etch used at the start of the coating process to develop 
a strong bond. 
Macroscopic cracking of the coating indicated the onset of coating failure. The present TEM 
observations, taken just prior to coating loss, indicated that this cracking resulted directly from 
plastic deformation in the substrate, leading to a strain discontinuity between coating and 
substrate, and therefore gross failure of the coating. 
Once the coating was lost in any place, or its thickness severely reduced by local spalling, 
contact with the substrate occurred i.e., penetration of the coating. At this point, the wear of the 
coating at the edge of the wear scar proceeded rapidly, as a result of severe cracking within the 
coating Fig. 2. Plastic deformation within the substrate resulted in a significant strain 
discontinuity between coating and substrate and therefore accelerated detachment rates, in a 
similar manner to that observed in Figs. 5 and 9.This is in contrast to the early stages of sliding 
where nodeformation was found in the substrate material. 
 
5. Conclusions 
 
The wear rate of the TiAlN/CrN multilayer 2.58x10-5mm3/m. was lower than that of the 
monolayers 3.98x10-5 mm3/m for the TiAlCrN and 4.32x10-5 mm3/m for the TiAlCrYN, all of which 
were substantially better than the uncoated BM2 substrate 6.1x10-4 mm3/m. 
The wear rate correlated qualitatively with the hardness of the materials. 
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During the initial stages of sliding, wear was by a fine-scale mechanism: ~8 nm for the 
multilayer and ~200 nm for the monolayer. Spalling progressively occurred within the coating 
which ultimately resulted in penetration of the coating by the counterface. Once the substrate 
was exposed, accelerated wear of the coating occurred, associated with severe cracking at the 
edge of the wear scar. 
Extensive plastic deformation was observed at the surface of the uncoated BM2 steel. 
Limited plastic deformation at the outer ~200 nm was found at the surfaces of the TiAlCrYN and 
TiAlCrN, and wear occurred by spalling of the deformed layer. No evidence of plastic 
deformation was found at the surface of the TiAlN/CrN multilayer. 
Fine scale delamination was observed at the surface of the TiAlN/CrN multilayer, on a ;8 
nm scale, but the cracking did not propagate along the TiAlN/CrN layers. 
Spalling resulted from coalescence of cracks running approximately parallel to the worn 
surface and cracks running along columnar grain boundaries. No significant cracking was found 
at the coating-substrate interface. 
Coating failure resulted from plastic deformation in the substrate that induced cracking in 
the coating as a result ofthe strain discontinuity between coating and substrate. 
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